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Recombinant Chinese Hu191 measles virus exhibits a
significant antitumor activity against nephroblastoma
mediated by immunogenic form of apoptosis
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Abstract: In previous studies oncolytic measles viruses (MVs) have shown significant antitumor activity against
various tumors. In our research recombinant MV-Hu191 (rMV-Hu191), established via reverse genetics technology
and expressing enhanced green fluorescent protein (EGFP), was evaluated for its therapeutic effects and related
mechanisms against nephroblastoma cell lines. We built three different constructs based on rMV-Hu191 to express
EGFP effectively. Our experiments showed that rMV-Hu191 expressing EGFP could efficiently infect and replicate in
nephroblastoma cell lines. Caspase-induced apoptosis exerted a significant impact on MV-induced cell death, which
was accompanied by emission of cellular ATP and high-mobility group protein 1 (HMGB21) and by translocation of
calreticulin (CRT). Intratumoral injection of rMV-Hu191-EGFP resulted in significant regression of tumors in a G401
xenograft model. Our results indicate that the MV-Hu191 strain, which is widely used in China, is an appropriate
vector for expression of foreign genes and could serve as a potentially good candidate for nephroblastoma therapy
mediated by induction of apoptosis-associated immunogenic cell death (ICD).
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Introduction

Nephroblastoma, also known as Wilm’s tumor,
is the most common abdominal malignancy in
children [1]. Although dramatic advances have
been made during the past few decades in the
treatment of nephroblastoma [2], nearly 12%
of new cases are at risk of tumor relapse fol-
lowing frontline treatment [3, 4]. Patients with
advanced stage and early relapse have a very
poor prognosis, and their mortality rate re-
mains high [5, 6]. On the other hand, patients
who receive treatment, such as surgery, che-
motherapy or radiotherapy, suffer from typical-
ly severe side effects [7]; therefore, new treat-
ment strategies for nephroblastoma that are
both safe and effective are strongly needed.

Oncolytic virotherapy began more than a cen-
tury ago but has emerged recently as a promis-
ing approach for treating cancer. Oncolytic vir-
uses (OVs) can mediate antitumoral responses
by direct lytic effects on tumor cells and by
induction of systemic antitumoral immune res-
ponses [8]. During the past two decades, re-
verse genetic techniques have enabled a vari-
ety of OVs to display great potential for treat-
ment of multiple tumor types including lung
and hepatocellular carcinoma, colorectal can-
cer, melanoma, breast cancer, neuroglioma,
and ovarian cancer [9-15]. Among the numer-
ous OVs currently used for antitumoral therapy,
attenuated strains of measles virus (MV) have
demonstrated a valid oncolytic activity against
a variety of human tumor types [16, 17]. Thus,
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MV is an attractive platform for use as a safe
and effective oncolytic vector [18].

MV (family Paramyxoviridae; order Mononega-
virales) is an enveloped virus with a non-seg-
mented, negative-sense RNA genome [19].
Formation of multinuclear cell aggregates (syn-
cytia) is the typical cytopathic effect (CPE) of
MV, as infected cells fuse with the surrounding
cells [20]. In contrast, attenuated MV vaccine
strains infect cells predominantly via the com-
plement regulator CD46 (also known as mem-
brane cofactor protein; MCP), which is com-
monly overexpressed on the surface of tumor
cells [16, 21, 22]. Poliovirus receptor-like pro-
tein 4 (nectin-4), which has also been identifi-
ed as overexpressed on many malignant cell
types, has been identified as the epithelial cell
receptor for MV [23, 24]. The Edmonston live-
attenuated vaccine strain (MV-Edm) selectively
infects and kills cancer cells that overexpress
CD46 and nectin-4 [25-27]. Several advance-
ments have been made in the design and
development of MV-Edm derivatives, and exog-
enous genes have been inserted and express-
ed from different loci of its genome [28-31]. In
reported clinical trials both unmodified attenu-
ated MV-Edm strain and engineered oncolytic
MV strains expressing human carcinoembryon-
ic antigen (CEA) and human thyroidal iodide
symporter (NIS) were well tolerated without
dose-limiting toxicity. A phase | clinical trial of
MV strains expressing the human thyroidal
iodide symporter (NIS) is being conducted to
treat Medulloblastoma or atypical rhabdoid
tumor in children and young adults [32].

The Hul91 strain (MV-Hu191) was developed
in the early 1960s as a live-attenuated vaccine.
This strain is widely used for immunization in all
provinces of China and has been administered
to millions of individuals in China with an excel-
lent safety record [33]. Because MV-Hu191 is
an authorized vaccine in China, it is an optimal
candidate to consider as a cancer therapy that
exploits the oncolytic activity of MVs [34]. We
found that rMV-Hu191 with enhanced green
fluorescent protein (EGFP) inserted in the
noncoding region between the H and L genes
had remarkable antitumor activity in nephro-
blastoma cell lines in vivo and in vitro. MV
induced cell lysis by direct cell killing through
formation of a syncytium [35]. Our results
showed that apoptosis played an important
role for MV-induced cell death and for apoptotic
nephroblastoma cell death accompanied by
immunogenic cell death. The latter was charac-
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terized by the cell-surface exposure of calretic-
ulin (CRT) and by the emission of ATP and high-
mobility group box 1 (HMGB1).

Material and methods
Cells and virus

Vero cells (African green monkey, ATCC-CCL-
81) and BHK-SR19-T7 cells [36] (kindly offered
by Apath, LLC, Brooklyn, NY) were grown in
Dulbecco’s modified Eagle’s medium (DMEM,;
Life Technologies) supplemented with 10%
fetal bovine serum (FBS). G401 and SK-NEP-1
cells were purchased from the Type Culture
Collection of the Chinese Academy of Sciences
in Shanghai, China and were maintained in
McCoy’s 5A medium (Gibco/Life Technologies)
supplemented with 10% heat-inactivated FBS
(Gibco/Life Technologies), 100 U/ml penicillin,
and 100 pg/ml streptomycin (Gibco/Life Tech-
nologies). Cell lines were incubated at 37°C in
a humidified atmosphere containing 5% CO,.
rMV-Hu191 recovered from a previous study
[34] was maintained at -80°C and was passed
in Vero cells in our lab.

Construction and virus titration of rMVs ex-
pressing EGFP

rMVs containing the EGFP gene inserted in
the N, P, or H genes were constructed. Briefly,
two DNA fragments containing the EGFP gene
along with the gene start and gene end
sequence of MV-Hu191 were obtained by gene
synthesis (Huada, Shanghai, China), and then
were inserted into the plasmids pEASY-N,
PEASY-P, or pEASY-H from our previous work
[34, 37, 38]. These insertions produced pEASY-
MV-N-EGFP, pEASY-MV-P-EGFP and pEASY-MV-
H-EGFP (Figure 1A1-C1). Plasmids pYES-MV-N-
EGFP (+), pYES-MV-P-EGFP (+) and pYES-MV-H-
EGFP (+) were assembled from ten fragments
using the GeneArt™ High-Order Genetic As-
sembly System on the basis of the manufac-
turer’'s manual (Figure 1A2-C2). Plaque assays
in Vero cells were used to quantify infectious
titers of rMV-Hu191.

Assessment of fluorescence

Five thousand Vero cells were plated in each
well of 96-well plates; then, after 24 h the cells
were infected with rMV-Hu191-N-EGFP, rMV-
Hu191-P-EGFP or rMV-Hu191-H-EGFP at a mul-
tiplicity of infection (MOI) of 0.1. After a one-
hour incubation, the original medium for ab-
sorption was replaced by DMEM containing 2%
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Figure 1. Construction of full-length cDNA clones of rMVs expressing EGFP. EGFP (EGFP1, EGFP2) gene with gene
start and gene end of MV was inserted into pEASY-MV-N, pEASY-MV-P and pEASY-MV-H plasmids using a seamless
cloning strategy to generate pEASY-MV-N-EGFP, pEASY-MV-P-EGFP and pEASY-MV-H-EGFP (A1, B1, C1). Eight over-
lapping fragments including the full-length MV genome and EGFP gene were assembled into p107109-MV (+), gen-
erating full-length cDNA plasmid pYES-MV-Hu191-N-EGFP, pYES-MV-Hu191-P-EGFP, pYES-MV-Hu191-H-EGFP (A2,
B2, C2). Schematic representation of insertion of EGFP within different loci of the MV-Hu191 genome (A3, B3, C3).

FBS. At 24, 48, 72 or 96 h post-infection (hpi),
the fluorescence value was measured using a
SYNERGY H1 microplate reader (excitation/
emission: 480/520 nm) (BioTek, USA).

Assessment of CPE in vitro

5x10% per well of nephroblastoma cell lines
were plated into 6-well plates and were infect-
ed with rMV-Hul191-H-EGFP at a MOI of 0.1.
Fusion was measured by recording green fluo-
rescence syncytia. 5x10° per well of G401 or
SK-NEP-1 cells were plated into 6-well plates
and were infected 24 h later with rMV-Hu191-
H-EGFP at a MOI of 0.1 or 1. At 24, 36 and 48
hpi, the cells infected with rMV-Hu191 were
fixed with 4% paraformaldehyde (PFA) in PBS
for 20 minutes at room temperature (RT).
Finally, cells were stained with 0.1% crystal vio-
let solubilized in 100% ethanol.

Viral replication kinetics in nephroblastoma
cell lines

1x10° per well of G401 or SK-NEP-1 cells were
plated into 24-well plates and were infected
after 24 h with rMV-Hu191 viruses at a MOI of
0.1 or 1. At different time points post-infection,
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the cells were harvested by three freeze-thaw
cycles, and supernatants were collected after
centrifugation at 3,000xg in a 5810R centri-
fuge (Eppendorf) for 15 minutes. Infectious
titers were determined by plaque assay in Vero
cells.

Cell viability assay

1x10% per well of G401 and SK-NEP-1 cells
were plated into 96-well plates; then, 24 h after
seeding, the cells were infected with rMV at
different MOls (0.01, 0.1, 1 and 10). At 24, 48,
72, and 96 hpi, cell viability was evaluated
using a Cell Counting Kit-8 (Dojindo Molecular
Technologies). Spectrophotometric absorban-
ce was measured at a wavelength of 450 nm
using a microplate reader (Thermo Fisher), and
the number of viable cells per well was predict-
ed from its absorbance using an external cali-
bration (standard curve).

Detection of CD46 and nectin-4 expression by
G401 or SK-NEP-1

5x10% cells were first incubated with primary
antibody diluted in PBS-milk in darkness for 30
minutes at RT and washed. Cells were incubat-
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ed with secondary antibodies as needed and
were analyzed by flow cytometry (BD Bio-
sciences). The antibodies used in the studies
were as follows: PE mouse anti-human CD46
antibody (RD, AF2659), anti-human nectin-4
antibody (BD 564252), and rabbit anti-goat IgG
(H+L) secondary antibody labeled with Alexa
Fluor 594 (Invitrogen, A27016).

Annexin V staining and apoptosis analysis

G401 and SK-NEP-1 cells were inoculated with
rMV-Hul91-H-EGFP at a MOI of 0.1. After 48
hpi, the cells were collected for apoptosis anal-
ysis by FITC Annexin V Apoptosis Detection kit
(BD). The dead cells were stained with both
FITC Annexin V and Pl and were analyzed by
flow cytometry (Beckman).

DNA fragmentation assay

DNA was acquired by the standard phenol/chlo-
roform extraction method, was analyzed by gel
electrophoresis, and was visualized by ultravio-
let light after DNA dye staining.

Western blot analysis

Expression of caspase-3, cleaved caspase-3,
poly ADP-ribose polymerase (PARP) and clea-
ved PARP was studied in nephroblastoma cells
and tumor tissues. After lysing cells with lysis
buffer (RIPA) and incubating on ice for 15 min-
utes, protein was harvested by centrifugation
at 12000xg for 15 min at 4°C. The BCA meth-
od was used to identify the protein concentra-
tion, and soluble protein added to 5x loading
buffer was incubated for 10 min at 100°C.
Samples were separated by 12% SDS-poly-
acrylamide gel electrophoresis and were trans-
ferred to activated PVDF membranes. The
membranes were then blocked with 5% skim
milk for 2 h at RT. Primary antibodies (rabbit
anti-B-actin antibody [CST 4970S], rabbit anti-
PARP antibody [CST 9542S] and rabbit anti-
caspase-3 antibody [CST 9662S]) were mixed
for 12 h at 4°C and then were incubated with
a second antibody (goat anti-rabbit IgG [CST
7074s]) for 1 h at RT. Antigen-antibody com-
plexes were visualized using an imaging sys-
tem (SYNGENE G: BOX Chemi XRQ).

Examination of DAMPs

G401 and SK-NEP-1 cells were infected with
rMV-Hu191-EGFP (MOI=0.5) for 48 h. We har-
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vested the cells, stained them with anti-CRT
antibody (Abcam) according to the protocol,
and then measured surface CRT expression by
flow cytometry. The amount of ATP in the cell
culture media was evaluated with an ATP As-
say Kit (Beyotime). HMGBL1 in the cell culture
media was quantified using an HMGB1 ELISA
Kit (IBL International).

Assessment of oncolytic activity in vivo

All animal procedures conformed to the Guide
for the Care and Use of Laboratory Animals
and were approved by the Zhejiang University
Medical Laboratory Animal Care and Use
Committee. G401 cells (1x107) were implanted
subcutaneously into the right flanks of nude
mice. When the average tumor diameter re-
ached ~100 mm?3, 8 mice were intratumorally
administered 1x107 PFU of rMV-Hu191-H-EGFP
(n=4) or Opti-MEM (n=4) every other day for 10
days. Mice were euthanized 4 days after the
first inoculation, and their tumor samples were
collected. To estimate effects of rMV-Hu191-H-
EGFP on tumor growth, 28 mice were randomly
divided into four groups (n=7 per group), receiv-
ing intratumoral injections of rMV-Hu191-H-
EGFP (1x10°, 1x108, or 1x107 PFU in a volume
of 100 ul) or Opti-MEM (Life Technologies).
Tumor volumes were measured twice weekly
and were calculated as follows: tumor volume
(mm?3) = length x width? x Y. All mice were
euthanized at 29 days after the first viral infec-
tion. Some individual mice also were eutha-
nized if tumor diameter reached 1 cm or if
the individual had lost 20% of its body weight.
After euthanasia, all tumors were collected and
weighed.

Histology staining

The TUNEL assay was conducted to evaluate
apoptotic cell death in tumor tissues according
to the manufacturer’s instructions. All tumor
tissues were fixed in 4% PFA, embedded in par-
affin, were cut into thin sections, and were
stained by hematoxylin and eosin.

Statistical analysis

Tests of treatment effects of univariate out-
comes were conducted using ANOVA with post-
hoc multiple comparisons as implemented in
the Prism statistical analysis software (version
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8.0). Tests of treatment effects on multivariate
outcomes, which were observed as a conse-
quence of repeated measurements of an
experimental unit, were conducted by fitting
a linear model (LM) of multivariate normal
responses. The model included parameters for
the effects of treatment, time and treatment-
time interactions and for an unstructured cova-
riance matrix of responses. Tests of treatment
effects on cell viability were conducted by fit-
ting a generalized linear model (GLM) to the
counts of viable cells observed after infection
with rMV. The LM and the GLM were fit using
the R software program (version 4.0). P-values
<0.05 were considered statistically significant.
P-values <0.01 were considered highly statisti-
cally significant.

Results

Generation and characterization of rMVs ex-
pressing EGFP

In order to generate a tool for easy observa-
tion, exogenous gene expressing EGFP was
successfully inserted into the MV-Hu191 ge-
nome at three different positions (Figure 1).
rMVs expressing EGFP (rMV-Hul191-N-EGFP,
rMV-Hu191-P-EGFP and rMV-Hul91-H-EGFP)
were successfully rescued. rMV-Hul191-H-
EGFP induced cell fusion to a greater extent
compared to the other two viruses after 36 h
inoculation in Vero cells (Figure 2A). Subse-
quently, stability of EGFP expression was con-
firmed after 12 passages in Vero cells by
immunofluorescence examination. The peak
fluorescence intensity of rMV-Hu191-N-EGFP
was clearly lower than rMV-Hu191-P-EGFP and
rMV-Hu191-H-EGFP (Figure 2B). We then com-
pared the CPE of the three EGFP mutants with
that of the parental virus (rMV-Hu191) at a
MOI of 0.1 in Vero cells. At 72 hpi, the CPE
induced by rMV-Hu191-N-EGFP and by rMV-
Hu191-P-EGFP was much weaker than the par-
ental rMV-Hu191, whereas the CPE induced by
rMV-Hu191-H-EGFP was similar to the parental
rMV-Hu191 (Figure 2C). These results suggest-
ed that insertion of EGFP between the MV H
and L genes hardly impaired CPE induction,
although the fluorescence expression of rMV-
Hu191-N-EGFP and rMV-Hul91-P-EGFP was
much higher. Thus, rMV-Hu191-H-EGFP was an
appropriate candidate for further study of the
oncolytic effects of MV-Hu191.
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rMV-Hu191 infected and caused significant
CPE in nephroblastoma cell lines, exerting ob-
vious antitumor effects in vitro

Previous research demonstrated that MV stra-
ins could generate a robust oncolytic activity
against a wide range of cancer types. rMV-
Hul191-H-EGFP infected G401 or SK-NEP-1 at
a MOI of 0.1 or 1, and green fluorescence syn-
cytia were formed. The total number of syncy-
tia formed and their size, cellular complexity
and fluorescence density varied significantly
in relation with different MOI of virus (Figure
3A). Because CD46 and nectin-4 are the main
receptors of MV, we evaluated their expres-
sion level on nephroblastoma cell lines (G401
and SK-NEP-1). High levels of CD46 were ex-
pressed in the human nephroblastoma cells
(97.9% and 99.2% of G401 cells and SK-NEP-1
cells, respectively). Levels of nectin-4 in the
human nephroblastoma cell lines were com-
paratively low (9.55% and 9.99% of G401 cells
and SK-NEP-1 cells, respectively) (Figure 3B).

rMV-Hu191-H-EGFP, as an appropriate candi-
date for this study, infected nephroblastoma
cell lines at a MOI of 0.1 and 1. Infected neph-
roblastoma cell lines exhibited a dramatic CPE
compared to uninfected cells in a MOI-de-
pendent manner at 24, 36 and 48 hpi (Figure
30C).

To investigate rMV-Hu191 replication efficien-
cy, G401 and SK-NEP-1 cells were inoculated
with rMV-Hu191 at MOI of 0.1 and 1, and virus
titers were determined using plaque assay. As
demonstrated in Figure 3D, rMV-Hu191 could
replicate well in nephroblastoma cell lines and
grew to a high titer.

We further evaluated the MOI-dependent de-
crease of cell viability by performing a CCK8
assay at 24, 48, 72 and 96 hpi. This test
showed that rMV-Hul191 significantly reduced
proliferation of G401 and SK-NEP-1 cells from
72-96 hpi at a MOI of 1 and 10 (P<0.001;
Figure 3E).

Caspase-induced apoptosis plays a significant
role in rMV-Hu191-H-EGFP-induced cell death

Several studies have shown that MV infection

can result in apoptosis [39-41]. We hypothe-
sized that rMV-Hul91-H-EGFP would induce

Am J Transl Res 2021;13(4):2077-2093
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Figure 2. Verification EGFP expression of recombinant MV-Hu191-EGFP. A. rMV-Hu191-N-EGFP, rMV-Hu191-P-EGFP
and rMV-Hu191-H-EGFP were passaged 10 times in Vero cells; confluent Vero cultures were inoculated with rMV-
Hu191-N-EGFP (P10), rMV-Hu191-P-EGFP (P10) and rMV-Hu191-H-EGFP (P10) at MOI of 0.01, and syncytia were
observed by fluorescence microscopy for EGFP at 36 hpi. Scale bars, 100 um. B. Vero cells in 96-well plates were
inoculated with each rMV at MOI of 0.01. Total fluorescence was detected by a SYNETGY H1 microplate reader (ex-
citation/emission: 480/520 nm) (BioTek, USA) at 12, 24, 36, 48, 60, 72, 84, 96 and 108 hpi. Representative data
from three independent experiments is shown. C. Vero cells were inoculated with each rMV at a MOI of 0.1. Cultures

were stained with crystal violet at 72 hpi.

apoptotic death in nephroblastoma cell lines as
well. G401 and SK-NEP-1 cells were infected
with rMV-Hu191-H-EGFP at MOI of O.1. After 72
hpi, infected cells were collected for fluores-
cence-activated cell sorting (FACS) analysis
after staining with Annexin V and propidium
iodide to detect apoptosis. Apoptosis was
induced followed infection with rMV-Hu191-H-
EGFP at MOI of 0.1. There was no obvious
apoptosis in uninfected cells (Figure 4A). Total
DNA fragmentation assay revealed a ladder-
like pattern of DNA fragments consistent with
internucleosomal fragmentation in apoptotic
death (Figure 4B). Subsequently, apoptosis
pathways were identified by Western blot,
detecting expression of the key proteins cas-
pase-3 and PARP, a substrate for caspase
activity. From 24-60 hpi, expression levels of
cleaved PARP, cleaved caspase-3 increased
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from 36-60 hpi (Figure 4C). Apoptosis in infect-
ed G401 and SK-NEP-1 cells was apparently
inhibited following incubation with caspase
inhibitor Z-VAD-FMK (Z-VAD) (Figure 4D, 4E).

rMV-Hu191-H-EGFP-induced apoptosis was
characterized with emission of DAMPs

It has been reported that syncytia formed by
viral fusogenic membrane glycoproteins can
lead to ICD [35, 42, 43]. According to current
research, the characteristics of ICD are mainly
mediated by DAMPs, such as translocated CRT,
passively released HMGB1 and secreted ATP,
which are required for ICD and leads to activa-
tion of potent anticancer immunity [44-46]. To
detect surface CRT expression, two nephro-
blastoma cell lines were inoculated with rMV-
Hul191-H-EGFP at MOI of 0.5. After 48 hpi, the
cells were collected for detecting CRT expres-
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Figure 3. Expression of MV receptors on human nephroblastoma cells, cytopathic effect, viral growth and killing abil-
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MV-infection of different MOI. B. 10° cells were labeled with primary and secondary antibodies, and flow cytometry
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isolated 1gG control for each cell line. C. Confluent G401 and SK-NEP-1 cells were infected with rMV-Hu191-H-EGFP.
Cytopathic effects were determined in nephroblastoma cell lines by staining with crystal violet every 12 h. D. G401
and SK-NEP-1 cells in plates were infected with rMV-Hu191 at a MOI of 0.1 or 1, and supernatants and cells were
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**=pP<0.01; ***=P<0.001.

sion by flow cytometry. The surface CRT expres- supernatants then were determined at various
sion increased in infected G401 and SK-NEP-1 time points. There were low levels of extracel-
cells more than in uninfected control groups lular ATP after 12 h infection in both cell lines,
(Figure 5A). G401 and SK-NEP-1 cells were in- but the amount of extracellular ATP released in
oculated with rMV-Hu191-H-EGFP at a MOI of G401 and SK-NEP-1 cells rose rapidly, reaching
0.1 or 1. The amount of ATP and HMGB1 in the a peak at 24 hpi more quickly in cells infected
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Figure 4. rMV-Hu191-H-EGFP infection induces caspase-induced apoptosis in vitro. A. G401 and SK-NEP-1 cells
were infected with rMV-Hu191-H-EGFP at a MOI of 0.1 and double-stained with Annexin V and propidium iodide (PI)
flowed analysis by flow cytometry. The percentage of apoptotic cells (Annexin V+/PIl- and Annexin V+/Pl+) increased
evidently after virus infection. Data shown are representative of three independent experiments. B. G401 and SK-
NEP-1 cells were inoculated with rMV-Hu191-H-EGFP at a MOI of 0.5; DNA fragments were extracted and detected
by agarose gel electrophoresis in infected tumor cells. C. G401 and SK-NEP-1 nephroblastoma cancer cells were
infected with rMV-Hu191-H-EGFP at a MOI of 0.1 for 12, 24, 36, and 48 h. Cell lysates were harvested for Western
blot to evaluate the levels of cleaved-PARP and cleaved-caspase-3. D. Both cells were infected with rMV-Hu191-H-
EGFP at a MOI of 0.1 or 1. Western blot was performed to exam the levels of cleaved-PARP and cleaved-caspase-3
at 36 hpi. E. G401 and SK-NEP-1 cells were inoculated with rMV-Hu191-H-EGFP at an MOI of 0.1 in the presence of
Z-VAD-FMK (Z-VAD) (Apexbio), and levels of cleaved-PARP and cleaved-caspase-3 were assessed by Western blot of
cell lysates. Ratio of apoptotic cells after co-treated with Z-VAD and rMV-Hu191-H-EGFP decreased.
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Figure 5. rMV-Hu191-H-EGFP induced immunogenic cell death (ICD) in Nephroblastoma cells. A. CRT exposure on
G401 and SK-NEP-1 cells surface was analyzed at 48 h after rMV-Hu191-H-EGFP infection (MOI=0.5) by flow cyto-
metric analysis. B. G401 and SK-NEP-1 cells were infected with rMV-Hu191-H-EGFP at a MOI=0.1, and supernatants
were collected after 12, 24, 36 and 48 h incubation. The amounts of ATP in the supernatants were detected by an
ATP Assay Kit. C. G401 and SK-NEP-1 cells were infected with rMV-Hu191-H-EGFP at a MOI of 0.1 for 36 h, super-
natants were harvested, and HMGB1 levels in the supernatants were evaluated using an HMGB1 ELISA Kit. Time-
course and multigroup analyses were carried out using analysis of variance (ANOVA). Data are reported as mean +
SD. *=P<0.05; **=P<0.01; ***=P<0.001; ****=P<0.0001.

at MOI of 1 than at MOI of 0.1 (Figure 5B). The creased after 36 h inoculation at MOI of 1
levels of HMGB1 were low in each group of (Figure 5C), with a significant difference (P<
G401 and SK-NEP-1 cells, but markedly in- 0.001) between the groups.
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Pharmacological inhibition of apoptosis influ-
enced MV-induced cell death

To evaluate the importance of apoptosis in
rMV-induced syncytial death, we incubated
the rMV-Hul191-H-EGFP-infected G401 and
SK-NEP-1 cells with the broad-spectrum cas-
pase inhibitor Z-VAD. This inhibitor did not
have a significant impact on the MV-induced
syncytium formation, but the inhibitor pro-
longed the survival of MV-induced syncytia and
inhibited MV-induced apoptosis in G401 and
SK-NEP-1 cells (Figure 6A). Figure 6B and 6C
show that extracellular ATP concentrations and
the expression level of the cell surface CRT in
cell supernatants dropped evidently in groups
upon MV infection along with Z-VAD compared
to groups treated with virus alone.

rMV-Hu191-H-EGFP replicated efficiently and
suppressed tumor growth in a G401 xenograft
tumor model

To evaluate the antitumoral effects of rMV-
Hu191-H-EGFP in vivo, G401 cells (5x10° cells/
mouse) were implanted in the right flanks of
nude mice, then mice were treated with intratu-
moral injections of PBS or rMV-Hu191-H-EGFP
every other day for 10 days. Tumor mass was
measured after euthanasia at 29 dpi, revealing
that treatment with rMV-Hul91-H-EGFP had
significantly inhibited tumor growth compared
with the uninjected controls. We found that
the MV-induced antitumor effect was MOI-
dependent, as injection of 1x10” PFU of rMV-
Hul91-H-EGFP resulted in elimination of tu-
mors in all mice (Figure 7A-D). The difference in
tumor volumes and masses was statistically
significant (P<0.001) between mock and rMV-
Hu191-H-EGFP treatment (Figure 7A, 7D).

To observe viral replication in the tumor, four
mice inoculated with 1x107 PFU rMV-Hu191-H-
EGFP or PBS were euthanized at 15 dpi. EGFP
could be detected in samples from infected
tumors by fluorescence microscopy (Figure
8A), and N protein was detected by Western
blot (Figure 8B). To investigate the role of cas-
pase-3-mediated apoptosis on tumor death
induced by rMV-Hu191-H-EGFP in vivo, expres-
sion of caspase-3 was detected by Western
blot, showing an increase in the rMV-infected
tumor samples (Figure 8B). To analyze the
pathological changes of virus-infected tumor
tissues, hematoxylin-eosin staining was per-
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formed on tumor tissues treated with rMV-
Hu191-H-EGFP, revealing large necrotic areas
and apoptotic cells (Figure 8C). To confirm the
mechanism of cell death, we administrated a
TUNEL assay on the paraffinized sections of
tumor tissues from the G401 xenografts.
TUNEL-positive cells were detected in the
rMV-Hu191-H-EGFP infected tumors, whereas
almost no TUNEL-positive cells were found in
the mock-injected G401 xenograft tumors
(Figure 8C).

Discussion

Although current therapeutic strategies for
nephroblastoma are effective, the death rate
remains high in patients with advanced stages
and early relapse. Development of novel treat-
ment regimens is of increasing urgency for
these patients [4]. Oncolytic virotherapy is an
emerging new strategy for tumor therapy that
uses replication-competent viruses to destroy
cancers [47]. Four viruses including vaccinia
virus, herpes simplex virus-1, reovirus and
Seneca Valley virus have been admitted into
pediatric clinical trials [48].

MV represents a new generation of safe and
effective oncolytic viruses [32], that have
great potential for treatment of cancers. MV-
Edm is widely and frequently used in oncolytic
virotherapy [17], and vaccine derivatives have
significant antitumor activity and thus impor-
tant advantages as virotherapy agents. In re-
ported clinical trials, both unmodified attenu-
ated MV-Edm strain and engineered oncolytic
MV-Edm strains were well tolerated without
dose-limiting toxicity in studies of non-small
cell lung cancer, ovarian cancer, malignhant
peripheral nerve sheath tumor medulloblasto-
ma or atypical rhabdoid tumor in children and
young adults. The most common adverse ef-
fects were fatigue and fever [32, 49-55]. With
respect to regulatory issues, the lesser stud-
ied MV-Hu191 is a more suitable cancer viro-
therapy candidate in China.

To our knowledge, this is the first report to uti-
lize MV-Hu191 as a treatment for nephroblas-
toma. As for MV-Edm, previous studies reveal-
ed that CD46 was the major receptor used to
infect multiple cancer cell lines [25, 26, 56]. In
our research, similar to what has been report-
ed in the literature, susceptibility of nephro-
blastoma cell lines to rMV-Hu191 was associ-
ated with overexpression of the MV cell recep-
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Figure 6. Pharmacological inhibition of apoptosis significantly influenced rMV-Hu191-H-EGFP-induced syncytial
death and suppressed DAMPs passive release in MV-infected Nephroblastoma cells. A. G401 and SK-NEP-1 cells
infected by rMV-Hu191-H-EGFP at a MOI=0.1 were cultured with Z-VAD. MV-induced syncytia were evaluated on a
fluorescence microscope at 24 and 48 hpi. B. G401 and SK-NEP-1 cells were treated with Z-VAD, following infection
of rIMV-Hu191-H-EGFP at MOI=0.1 for 36 h, and then cell-free supernatants were collected. Decreased ATP level was
measured by ATP assay Kit. C. CRT surface expression on nephroblastoma cells in the presence of Z-VAD (50 pM)
was determined after 48 hpi of rIMV-Hu191-H-EGFP (MOI=0.5). ***=P<0.001; ****=P<0.0001.
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Figure 7. Dose-dependent antitumoral activity of rMV-Hu191-H-EGFP in G401 xenografts after intratumoral injec-
tion. A. Nude mice bearing G401 nephroblastoma tumors received intratumoral injections with different doses
(1x107, 1x108 or 1x10° PFU in a volume of 100 pl) of rMV-Hu191-H-EGFP or Opti-MEM every other day for 10 days
(n=7 each group); tumor size was determined every 4 days. B. Representative photograph of sham-inoculated and
rMV-Hu191-H-EGFP-inoculated mice at 29th day post-injection. C. Tumors were collected 29 days after the first
injection, and size was compared qualitatively. D. The tumor mass in the sham-inoculated group was significantly
greater than in the virus-inoculated groups. ****=P<0.0001.
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Figure 8. Virus replication and apoptosis were detected in G401 xenograft tumors injected with rMV-Hu191-H-EGFP.
A. Mice bearing nephroblastoma xenografts inoculated with 1x10” PFU rMV-Hu191-H-EGFP (n=4) or Opti-MEM
(n=4) were euthanized at 15 days after the first intratumoral injection. Specific fluorescence was detected in rMV-
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Hu191-H-EGFP-infected tumors by fluorescence microscopy. B. Tumor samples were gathered at 15 days after first
intratumoral injection, and the MV N protein was detected by Western blot in three tumor samples from each group.
Levels of cleaved-caspase-3 were evaluated by Western blot in tumor samples 30 days after the first injection. C.
Hematoxylin-eosin (H-E) and TUNEL assay were performed by staining of nephroblastma xenograft tumors 29 days
after the first intratumoral virus injection in vivo with a dose of 1x10° and 1x10° PFU. Scale bar =100 um.

tor CD46 but not nectin-4. The antitumoral
effect of rMV-Hu191 was MOI-dependent and
resulted in decreased tumor cell proliferation
in vitro. In our study we observed that rMV-
Hu191 also could inhibit the proliferation of
HFF-1 cell growth, but a higher MOI was re-
quired to achieve a weaker reduction of cell
growth (Figure S1). Both unmodified attenu-
ated MV-Edm strain and engineered oncolytic
MV-Edm (with no modification with respect to
targeting) were reported safe in clinical stu-
dies; however, specific viral modifications, such
as targeting, shielding and arming, may result
in a safer rIMV-Hu191 that cannot proliferate in
common cells and can possess a stronger
oncolytic efficacy.

In the present study we showed for the first
time that MV-Hu191 could efficiently express
exogenous genes. Three rMVs expressing EG-
FP at different loci of the MV-Hu191 genome
were successfully recovered, suggesting that
expression of other foreign genes may be pos-
sible by adopting this strategy. Following the
novel construction strategy used in this study,
MV-Hu191, an authorized vaccine in China,
could be efficiently engineered and employed
to improve the immunostimulatory capacity of
the virus and could be armed with tumor-spe-
cific target genes. This will greatly accelerate
future research on oncolytic activity of rMV in
China.

We illustrated that the rMV-Hu191 with EGFP
inserted between the H and L genes exhibited
significant antitumor activity and decreased
viability of nephroblastoma cells in vivo. It was
very exciting that mice intratumorally injected
with rMV-Hu191-H-EGFP at a dose of 1x10’
PFU exhibited a superior effect in tumor thera-
py, with complete elimination of tumors in all
the G401 xenograft mice. Even injection with a
lower dose of rMV-Hul91-H-EGFP produced
excellent antitumor activity. Despite these
exciting results in the mouse model and the
remarkable safety record of MV-Hu191, suit-
able models, such as IFN*® CD46Ge mice and
Rhesus macaques used in toxicology studies,
are essential to ensure safety of patients prior
to clinical translation of rMV-Hu191 [57, 58].
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Previous studies have reported that apoptosis
plays an important role in MV-triggered cell
death [39, 40]. In the present study we
observed that rMVs induced tumor cell death
primarily through MV-triggered syncytium for-
mation and apoptosis. Apoptosis was clearly
observed during rMV-Hul191-H-EGFP infection,
as illustrated by Western blot of caspase-3
and PARP. Interestingly, inhibition of caspase-
dependent apoptosis by the broad-spectrum
caspase inhibitor Z-VAD did not impact the
MV-induced syncytium formation, but syncytial
survival was obviously extended in G401 and
SK-NEP-1 cells. ICD mediated by DAMPs in-
cluding CRT, ATP and HMGBL1 is a concept that
has emerged in recent years [44]. Some OVs
including MV have been proven to induce ICD
by secretion of ATP and HMGB1 [58-61]. In the
present study we also found that MV-induced
nephroblastoma cell death was accompanied
by passive release of DAMPs (specifically CRT,
HMGB1 and ATP) in a MOI-dependent manner,
suggesting that rMV-induced cell death may
be related to ICD.

In conclusion, we have shown that the attenu-
ated MV vaccine strain MV-Hu191 widely used
in China exerts a potent antitumor capacity
against nephroblastoma in vitro and in vivo,
demonstrating it to be good candidate for effi-
cient expression of exogenous genes. Further-
more, we illustrated that rMV-Hul191-H-EGFP
induced an immunogenic form of apoptosis in
nephroblastoma cells that is recognized to
result in cross presentation of tumor-associat-
ed antigens to dendritic cells (DC) and to other
antigen presenting cells, priming antitumor
innate and adaptive immunity. Future studies
will be aimed at toxicology and antitumor im-
mune response in MV-induced antitumor ef-
fects, or even in combination with other immu-
notherapy strategies, with possible utility in
clinical trials.
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Figure S1. Cytopathic effect, viral growth and killing ability of rMV-Hu191 in HFF-1 cell lines. A. Cytopathic effects
were determined in the HFF-1 cell lines by staining with crystal violet every 12 h. B. Confluent HFF-1 cells were in-
fected with rMV-Hu191 at a MOI of 0.1 or 1, and supernatant and cells were collected after three freeze-thaw cycles.
Virus titer was testing by plaque assay in Vero cells.



